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Abstract

We consider a class of low Reynolds number swimmers, of prolate spheroidal shape, which
can be seen as simplified models of ciliated microorganisms. Within this model, the form of the
swimmer does not change, the propelling mechanism consisting in tangential displacements of the
material points of swimmer’s boundary. Using explicit formulas for the solution of the Stokes
equations at the exterior of a translating prolate spheroid the governing equations reduce to a
system of ODE’s with the control acting in some of its coefficients (bilinear control system). The
main theoretical result asserts the exact controllability of the prolate spheroidal swimmer. In the
same geometrical situation, we define a concept of efficiency which reduces to the classical one in
the case of a spherical swimmer and we consider the optimal control problem of maximizing this
efficiency during a stroke. Moreover, we analyse the sensitivity of this efficiency with respect to the
eccentricity of the considered spheroid. We provide semi-explicit formulas for the Stokes equations
at the exterior of a prolate spheroid, with an arbitrary tangential velocity imposed on the fluid-
solid interface. Finally, we use numerical optimization tools to investigate the dependence of the
efficiency on the number of inputs and on the eccentricity of the spheroid. The “best” numerical
result obtained yields an efficiency of 30.66% with 13 scalar inputs. In the limiting case of a sphere
our best numerically obtained efficiency is of 30.4%, whereas the best computed efficiency previously
reported in the literature is of 22%.

1 Introduction and statement of the main results

Ciliates are swimming microorganisms which exploit the bending of a large number of small and
densely packed organelles, termed cilia, in order to propel themselves in a viscous fluid. In this work
we consider an envelope model for such ciliary locomotion, where the dynamics of the individual
cilia are replaced by time periodic tangential displacements of the points on the boundary of the
microorganism. We refer to the works of Taylor [18], Blake [4], Childress [5], Ishikawa, Simmonds and
Pedley [10] or to the recent review paper of Lauga and Powers [12] for a detailed description of this
model. The aim of this work is to study the locomotion mechanism of these organisms, combining
classical tools of low Reynolds number flow theory with the modern techniques of optimal control.

*The last two authors acknowledge the support of the French National Research Agency (ANR) via the grant 11-
BS03-0002 HAMECMOPSYS.



The main novelty we bring is the analysis of a non spherical case, which is closer to the elongated
form of most ciliated microorganisms than the spherical one previously considered in the literature.

Our main theoretical result gives the controllability of the considered system (roughly speaking, this
means that for every initial position P; and every final position P> there exists a time-periodic motion
of the cilia steering the organism from P; to P»). We also consider the optimal control problem, with
state and control constraints. This problem is to maximize the efficiency of the swimmer. Tackling
this optimal control problem with a reasonable computational cost requires semi-explicit formulas for
the solutions of the Stokes system in the exterior of a prolate spheroid, with boundary conditions
which correspond either to a translation of the spheroid or to an arbitrary tangential velocity field
on the surface. The first type of boundary conditions have been tackled in classical reference such as
Happel and Brenner [9] whereas tackling the tangential boundary conditions requires very technical
calculations involving Gegenbauer functions. Moreover, the study of the problem for spheroids close
to a sphere requires a careful asymptotic analysis of these special functions. Our results can be seen as
extensions of those from the spherical case obtained, from a control theoretic viewpoint, in San Martin,
Takahashi and Tucsnak [15], Sigalotti and Vivalda [17] and of those obtained, from an optimization
perspective, in Lauga and Michelin [14]. Related results, namely considering swimmers with shapes
which change during the stroke, have been obtained in Shapere and Wilczek [16], Alouges, DeSimone
and Lefebvre [2, 3], Lohéac, Scheid and Tucsnak [13].

To give the precise statement of our results we need some notation from spheroidal geometry. We
first recall that a spheroid is a revolution ellipsoid. In Cartesian coordinates (z1, z2,z3), the equation
of a spheroid with Ox3 as the symmetry axis is

m% + :L'% m%

+ = =1. (1.1)
ay as

The spheroid is called prolate if a; < a3 and oblate if a; > a3. To study the Stokes equations at
the exterior of a prolate spheroid, it is convenient to use prolate spheroidal coordinates, denoted by
(1,0, ). Following, for instance, Dassios et al. [6] or [9], these coordinates are related to the usual
Cartesian ones by

x1 = csinhnsinf cosp, x9 = csinhnsinfsingy, x3= ccoshncosb, (1.2)
where the focal distance c is a fixed positive number and
0<n<oo, 0O, 0<p<2m.

The level lines 8 = 0y,n > 0,0 = 0 and 6 € [0, 7], 7 = 1o, ¢ = 0 are described in Figure 1, for various
values of 6y, np and for a fixed value of the focal distance c.

To each ny € (0,00) there corresponds the prolate spheroid of equation n = ny. This equation
writes, in Cartesian coordinates, in the form (1.1), with

a1 = csinh 7y, ag = ccoshng. (1.3)

Figure 2 represents a family of spheroids for various values of ¢ and of 79 such that as = ccoshny = 1.
In the limit case ¢ — 0 (so that 79 — 00), we recover the unit sphere of R3.

Assume that at t = 0 the swimmer occupies the closed bounded set Sy delimited by the spheroid,
centered at the origin, of equation n = 79, for some 79 > 0. For ¢ > 0 we denote by S(t) the closed
set occupied by the swimmer at instant ¢. Within Blake’s envelope model, the propelling mechanism
of ciliates consists of time periodic tangential displacements of the points on the swimmer’s boundary.
For the sake of simplicity, we assume that these displacements are azimuthally symmetric with respect
to the axis Oxj3 of the unit vector e3z. This implies, in particular, that at each instant ¢, the position
of the center of mass of the swimmer is h(t)es, where h a real valued function, and that the domain



Figure 1: Level lines for prolate spheroidal coordinates

Figure 2: A family of prolate spheroids converging to the unit sphere

S(t) occupied by the swimmer at instant ¢ is simply obtained by a translation of the vector h(t)es of
Sy, i.e., we have
S(t) = h(t)es + So (t>0).

Let v (respectively by p) be the Eulerian velocity (respectively the pressure) field in the fluid at
instant t. These fields are defined, for each instant ¢, in the time dependent domain R3\ S(t). For the
remaining part of this work, we choose to work, instead of v and p, with the fields defined by

v(x,t) =v(z + h(t)es, t), p(x,t) = p(x + h(t)es,t) (x € R3\ Sp,t > 0). (1.4)

This allows us to take the space variable x in the fixed domain R3 \ Sj.
The model that we consider for the displacements of the boundary points of Sy is the following:
for each t > 0, the point z € Sy, of prolate spheroidal coordinates (19, &, ¢), is displaced to a point

of 0Sp whose prolate spheroidal coordinates are (19, 8, @), where

0=x(&t) (£€[0,7], t>0), (1.5)



and where x(+,t) is a diffeomorphism from [0, 7] onto itself.
In what follows, we suppose that the function y in (1.5) can be written as

N
0=x(&t) =&+ ail)gi(§)  (E€l0m], t>0), (1.6)
=1

where N is a positive integer and the given functions (g;)1<i<ny are supposed to be smooth, with
9i(0) = gi(m) = 0 for every i € {1,...,N}. Consequently, the input functions at the disposal of the
swimmer are supposed to be («;)1<i<n, where N is a positive integer. Moreover, we assume, in order
to ensure the fact that x(-,¢) is a diffeomorphism, that

N

S ai(t)gh€) > -1 (> 0). (L.7)

=1

Denoting by x1(t), x2(t) and z3(t) the Cartesian coordinates corresponding to the motion defined
by (1.6), we have, using (1.2), that

x1(t) = esinhngsin x(&,t) cos, x2(t) = esinhngsin x(&,t)siny, x3(t) = ccoshngcos x(§,1).

Differentiating the above formula with respect to ¢, the velocity field v defined in (1.4) of a point on
08 is given by

. 0
o010, 6,0,1) = hit)es + cyfeostn — cos20 X (@1, 0) e (6€ 0.7, o € [0,2m), 1 0),
(1.8)
where, for each point P of coordinates (1,60, o) of the spheroid, eg(no, o, o) is the unit tangent
vector at P to the curve of parametric equation A — (19,600 + A, ¢o).
The full system describing the coupled motion of the swimmer and of the surrounding fluid writes

—ulAv + Vp =0, dive =0 (n>mno, 0 €[0,7], p €1[0,2m), t > 0), (1.9)
ILm v(n,0,¢,t) =0 (0 0,7, p€]0,2m), t >0), (1.10)
n—>00

_ N
(10,0, ,t) = hes + C\/cosh2 Mo — cos? f (Z Bigi(x‘l(e,t))> eg (00,7, pe0,2m), t>0),

i=1
1.11)
/ o(v,p)ndl =0 (t>0), (1.13)

0Sp

h(0) =0, a(0)=0. (1.14)

where the function y is defined by (1.6) and « stands for the vector valued function (o;)i<i<n. In the
above system, we have denoted by p the viscosity coefficient of the fluid, and we have assumed that
the mass center of the swimmer is at the origin for ¢ = 0. We denote by o(v,p) the field of Cauchy
stress tensors in the fluid defined by

o(v,p) = —plds +p [(Vv) + (Vv)*]. (1.15)

Moreover, as in the remaining part of this work, we have denoted by n the unit normal vector field to
0S5y directed to the interior of Sy.



Remark 1.1. Note that, in the system (1.9)-(1.14), we have used the low Reynolds number approzima-
tion, in which all the inertia terms are neglected. Moreover, the equilibrium condition for the angular
momentum is automatically satisfied due to the azimuthal symmetry of the problem. Since we want to
control the final value of the functions (a;) (which should vanish at the end of the motion), it is more
convenient to use the derivatives (B;) of these functions with respect to time as inputs of our system.
This fact motivates the occurrence of (1.12) as one of the governing equations.

As we shall see in Section 3, equations (1.9)-(1.14) uniquely determine v, p, (;)i<i<y and h from
the knowledge of the input functions (5;)1<i<n-
We are now in a position to state our main controllability result.

Theorem 1.2. Assume that N > 2 and that there exist i, j € {1,...,N}, i # j such that

/Ow[gg-(&)gi(&) 9i(€)g; ()] sin® £d€ # 0,

where the functions (g;) have been introduced in (1.6).
Then for every hg € R and € > 0, there exist T >0 and B € COO([O, T},RN) such that the solution
(v,p,h,a) of (1.9)-(1.14) satisfies:

1. 1(0) = 0, a(0) = 0,
2. M(T) = ho and a(T) =0,
3. 1B8(t)| <1 and |a(t)| < & for every t € [0,T].

In the above theorem and in all what follows, we denote by | - | the Euclidean norm of R*, k > 0.
Note that, for € small enough the third condition in the above theorem implies condition (1.6).

An important part of this work is devoted to the maximization of swimmer’s efficiency, which is
classically defined (see, for instance, [4]) as the ratio between the average power that an external force
would spend to translate the system rigidly at the same average speed and the average power expended
by the swimmer during a stroke starting and ending at the undeformed shape.

More precisely, let us consider the solution (U(O), p(o)) of

—pA© £ Vp@ = 0in R?\ Sp, dive® =0 in R®\ S, (1.16)
| l‘im v® =0, v = ¢35 0n a9, (1.17)
T[—0o0

and assume that v, p, h, (a;)i<i<y is the solution of (1.9)—(1.14) associated with S. Then the
efficiency eff of a motion driving the mass center from the origin to the final position hges, with

ho # 0, in time T is given by
h 2
/ / n<0) e3dl dt
950 T

/ / o(v,p)n-vdl'dt
0Sp

To derive the formula for the numerator in the right hand side of (1.18) We have used the fact that the
mean velocity necessary to swim from the origin to hges in time T is 63, so that the work needed
to translate the prolate spheroid from the origin to a position centered in hges in time 7' is given by

Wi /T/ o (hov(o) hop(0)> n hoe dr dt /T/ o(v®, p)n <h0>2e dIrde.  (1.19)
0= [ , — c—€3 = s . —_— 3 . .
0 0So T T T 0 0So T

eff(8;¢,n0) : (1.18)



As suggested by the above notation, if we fix the final position hg and the final time 7T, this
efficiency depends on the input # and on the geometric parameters ¢ and 7g. If the geometry is fixed
and if there is no risk of confusion, we simply denote the efficiency defined in (1.18) by eff(3)

An important problem is to maximize the efficiency eff with respect to the input 8 which varies in
a set of admissible controls. In the present case, given T' > 0 and hg € R, we choose the set Uy, 7 of
admissible controls to be the subset of all the functions in 8 € L>=((0, 00), RY) satisfying condition 2
in Theorem 1.2, together with (1.6). The result in Theorem 1.2 can be rephrased to say that for every
ho there exists T' > 0 such that Uy, 7 # 0.

We investigate in Section 6 the influence of the focal distance ¢ on swimmers efficiency. More
precisely, we consider the family of spheroids in Figure 2 for which a3 = 1. For these spheroids we

have, according to (1.3) that
1
no = cosh™? <> ,
c

so that the efficiency defined above depends only on  and on c¢. However, obtaining a simple formula
for this efficiency defined in (1.18) seems much more complicated than in the spherical case. Therefore,
for the above mentioned family of spheroids, we introduce a modified efficiency concept, which can be
expressed as function of 3 and e = ¢? only, denoted by eff ¢ (3; €). This efficiency coincides when e — 0
(so that the family in Figure 2 tends to the unit sphere) to the swimming efficiency of a spherical
ciliate (called a squirmer). Using this definition, we show that the efficiency of the swimmer increases
when the sphere deforms to a prolate spheroid. Finally, in Section 7 we propose a methodology to
solve the above mentioned optimal control problem numerically and we provide some of the results of
our simulations. One of the main difficulty we had to tackle is the presence of constraints on the state
and on the control. The maximum efficiency obtained numerically is of 30.66%, in the case in which
13 scalar input functions are used. In the limiting case of a sphere our best numerically obtained
efficiency is of 30.4%, whereas the best computed efficiency previously reported in the literature, see
[14], is of 22%.

2 The Stokes problem at the exterior of a prolate spheroidal obstacle
in translation

In this section, we first recall some known results on the exterior Stokes problem for a fluid filling the
exterior of a prolate spheroidal obstacle and then we derive an explicit formula for the shear stress on
the surface of the prolate spheroid in the case of an obstacle translating with constant velocity.
Consider the Stokes system, with Dirichlet boundary conditions, posed in = R?\ Sy, where Sy
is the closed bounded set delimited by a prolate spheroid.
We consider the classical homogeneous Sobolev space

DY*(Q) = {v € Lj,.(Q), Vv e L)},

endowed with the norm
w2 = IVll2@ (v e DV(Q)).

The following well-posedness result for the exterior Stokes system is well-known (see, for instance,
Galdi, [7, chap. 5, Theorem 2.1, p. 251]).



Theorem 2.1. Let V € H%(aﬂ) Then there exists a unique solution (v,p) € DY2(Q) x L*(Q) of:

—puAv+Vp =0, mn
divv =0, mn
v =V, on 05y, (2.1)
T 2w
lim v(r,0,p)|sinfdpdd =0.
\ dim [T [ e snoa

Moreover, there exists ¢(2) > 0 such that:

1
ol + Ipllzze) < DIV, (V€ HHOS0)).

Finally, if Ve C*(0Sy) then (u,p) € C*(Q).

In the above theorem H %(65’0) is, as usual, the fractional order Sobolev space as defined, for
instance, in Grisvard [8, Ch.1]. Moreover, the theorem holds for every Sy which is the closure of an
open bounded subset of R? with smooth boundary.

In the case of an obstacle Sy which is the closure of the interior of a prolate spheroid, more detailed
information on the solution (v, p) of (2.1) can be obtained by using special functions.

To this aim, following Dassios et al. [6] and [9], we modify the prolate spheroidal coordinates which
have been introduced in (1.2) and we set

¢ =cos¥, T = cosh, (2.2)

so that we have
-1<¢<1, 1<7< 0.

With this modification, the change of coordinates (1.2) becomes

1 =cV12 =11 —C%cosp, z3=cVT2—1y/1—_%sinp, x3=c7(, (2.3)
with
1<C¢<1, 1<7<00, 0<¢<2m (2.4)

Writing x = (z1, x2, x3) with x; given by (2.3), the natural basis corresponding to the above coordinate

system is given by
ox 0x Ox

gc:?{’ gr=§a g@:%.
Moreover, the Lamé coefficients (also called scale factors) corresponding to the change of coordinates
(2.3) are given by

2_C2
:C\/Tl—@’ ’“:'

It can be easily checked that {g¢, gr, g, } form an orthogonal basis in R®. Writing

Ox
or

7—2_C2

ox
Y S T MU | e
Ny M H&p

=cV7r2—1y1-¢*. (2.5)

oz
he= Hac

1 1 1
€¢ = }TCQC, €r = hicgﬂ €p = Egtpa

we obtain a right-handed orthonormal basis {e¢, er, e, } expressed by

VAT T rV1-¢

cospe; —

“TTe_o — e



er = ————=cospe] + ———=sinpes + >———=e¢€3 .
/72 — (2 T2 — (2 /72 — (2
e, = —(sing) e; + (cos ) ea.
Note that the prolate spheroid equation (1.1) can be rewritten as
r} + 23 3 _ 1 2.8)

A(rE—-1) A

where 79 > 1 is fixed.
A simple calculation shows that the surface element of the prolate spheroid obtained by taking
T =179 in (2.3) is given by

dr = /(78 — 1)(3 — ¢2) d( dg. (2.9)

In this work we are interested in solutions of (2.1) which are axisymetrical with respect to Oxs.
This means, in particular that the velocity field v writes

v = ,U(gﬂ-) = UC(CaT)eC + UT(C77-)6T7

where e¢ and e, have been introduced in (2.6) and (2.7) and the pressure satisfies p = p(¢, 7). It is
not difficult to check that the (7,¢) and (¢, 7) components of the gradient of v are given by
1 8’1)7— 1 8h<

(VU)er =757 =

1 81}4 1 8hT
he OC  hyhe 01 ¢

h, O hohe OC 7

(V)re =

where the Lamé coefficients h, and h¢ are given by (2.5). Inserting the expression of h, and h¢ from
(2.5) in the last formula, we obtain

1 /2-18 V1= 2 /1—ZaT 71
(Vo)re = - :2 —62% + CETL;)SUT, (V)¢r = 22 ;C 2—7_27—_@)31)@“. (2.10)

It follows that the component o, := (0e;) - e¢ of the corresponding stress tensor is given by

UT’C(T,C):\/%@ [./1 ¢z 887)5 )+ /31 vC ¢, }

+ C Ny CVI=Cur(e,m) —vag(c,f)} (r>m, ~1<( <1, 0< 9 < 2n).

e(r? —

(2.11)

The axisymmetrical case is characterized (see [9]) by the existence of a stream function . According
o [6] this function is related to the velocity field v by

1 04
e o (212)

1 oY
c2 \/ 2 — (272 -10¢
Moreover, the stream function 1 lies in a kernel of a relatively simple differential operator. More

precisely, consider the differential operator E? which associates to each smooth function f of variables
¢ and 7 the function E2f defined by

ve(¢, ) =

vr (¢, 7) =

=~ (67), (2.13)

2 82
E?f = (1—¢%) 8C£ (% - 1)37]; (2.14)

(1% = (%)



Then (see, for instance, [9, p.104]) the fact that (v, p) satisfies the Stokes system is equivalent to the
fact that 1 satisfies the equation
E*) =0, (2.15)

where E4 is the square of the operator E? introduced in (2.14).
In the case of a prolate spheroid translating with a constant velocity equal to e3 we have the
following result.

Proposition 2.2. Assume that Sy is the closure of the interior of the prolate spheroid in R defined
by equation (2.3). Then a stream function °) corresponding to the unique solution (v(® p®) e
DY2(Q) x L2(Q) of (1.16)—(1.17) is given, using prolate spheroidal coordinates, by

2¢2 [(8 + 1)Ha(7) — 7]
(12 +1) coth™(7p) — 70

$O(1,¢,¢) = G2(C), (2.16)

where G and Hy are the second order Gegenbauer functions defined in Appendiz A. Moreover, the
corresponding stress tensor o(©) satisfies, on 8y,

2470 V1—¢?

(0)
o o) = — e [-1,1)]. 2.17
C’T(C 0) c Tg -1 [(Tg +1) coth™ T — 7-0] Tg —¢2 (Cel D ( )
Finally, the force exerted by the solid on the fluid is
/ oOndl = — Sme_ es. (2.18)
8So (15 +1)coth™ 19 — 79

Proof. We refer to [9, Section 4.30] for the formula of the stream function (2.16) and for the formula
(2.18). More precisely, it is proved in [9, Section 4.30] that

TO+1 h T
0) 5 oy ma—1 SO0 -l
O = -S> - )~ >72H (r>m (L. (219)
9 coth 0 — {01
'TO—

satisfies (2.15) and that the velocity v(?) associated to 1(©) satisfies v(9) (¢, 79) = e3. A simple calcula-
tion and (A.19), (A.25), show that the function ¥(?) can be written as (2.16)

Therefore, we only prove here (2.17). To do this, we use formula (2.11).

First note that, using (2.7) and (2.6), we have

7—0\/1_C2 C\/To

——¢ =€ (-1< (<), (2.20)
VT — ¢ Y, 7' - C
By inserting (2.20) in the last term in the right hand side of (2.11) we obtain

o) _ 0 (5 —1)(1 —¢?)

C(To

0) (gaTO) = €3 =

- (-1<¢<1). (2.21)

Concerning the first term in the right hand side of (2.11), we first tackle the part which can be
evaluated directly using (2.20), i.e., we write

/1= ¢ v p/1-¢ [m—l Gy -1

(¢,10) =

AT V15 = V7o 8- (2)3
/(g -1 1—g2) %
=) (1 T Cz) (-1<¢<D). (222)



Finally, we note that (2.12) implies that

(0)
p/75 — 1 8v<

C\/W or (C)TO)
Ve -1 1 9% o o
S— L - — %)) (1<c<,
V(g =)A= \ Vg —¢ o7 (3 —¢?z o7
(2.23)
where 1) is given by (2.16). Using next (2.16), together with the fact (following from (A.28)) that
2Hy(T)
) =220 em),
we obtain
9?40 9 (1) (78— 1) coth™ ! 7y — To]
——5((,10) = —c*(1 — -1<¢<1
or? (G, 70) c(l=¢ )(7'02 - 1) [(Tg +1)coth™ 7y — 7'0] ¢ )

On the other hand, (2.12) and (2.20) imply that

(0)
Y em =R - B 10 m) = P - ) (1<(<),

Using the last two formulas in (2.23), it follows that
—1 T
gyi=a, (ot mo ) Vit e
3
(18 — ¢?)2 (coth_1 To — 75711) \/7'§f§“2

The above formula, (2.21), (2.22) and (2.11) imply, after some some calculation, the conclusion (2.17).
O

8vé0)
g (¢;70) = —

(-1<C<).

Remark 2.3. By using (1.19) and (2.18), it follows that the work needed to translate the prolate
spheroid from the origin to a position centered in (0,0, hg) in time T is given by

T 2 :
o Jose T T[(r5 4 1) coth™" 79 — 7]

3 The controllability result

The aim of this section is to prove Theorem 1.2. As a first step, we show that equations (1.9)-(1.14)
can be written in a form which allows the application of some classical control theoretical tools.

Proposition 3.1. Let 8 = (B;)1<i<n i L*°([0,00),RY) and (g;)1<i<ny in C°[0, 7] N HL(0,7) be such
that

N t
Soo©) [ Bls)ds> -1 (€elomtz0). (3.1)
i=1 0

Then equations (1.9)-(1.14) admit a unique solution (v,p,h,a). More precisely, the function h is
obtained by solving the initial value problem

N
h(t) = Bit)Fi(oa(t),. .., an(t), (3.2)
=1
ai(t) = Bi(t)  (ief{l,...,N}), (3.3)
h(0) = 0, a(0) =0, 3.4

10



where -
Fon,an) =en [ GOF((E)dE (e {1, N), (35)
1
F(x) = 3 (sin(2x) — 2x) (x € R), (3.6)
and x has been defined in (1.6). The solution (v,p) can be decomposed as
v=h(t)@ +o0, p=nt)p +pW, (3.7)

where (v, pl0) is the solution of the Stokes system (1.16)~(1.17) whereas (vM), p(N)) is the solution
of the Stokes system

—uAvD +vp) =0 in R3\ Sy,  dive™ =0 in R\ Sy, (3.8)
lim oM =0, oM =V on S,
|z| =00
with
V(¢ t)=—cy/78 — (Z Bigi(x ! (arccos ¢, t)) ec (Cel-1,1], t>=0). (3.10)
Proof. For t > 0, we set a(t fo s)ds. Using (3.1), it follows that x defined in (1.6) is one to
one from [0, 7] onto [0, 7]. Let us fix, for a moment, h € VVlOC (0,00). One can see that if we define

(v,p) by (3.7), (3.8)—(3.9), (3.10), then (v, p) satisfies (1.9)—(1.11). Therefore, (v, p, h, @) is solution of
(1.9)—(1.14) if and only if (1.13) holds. This equation can be written as

h(t)/ U(U(O),p(o))ndf—i—/ oM, pMndr =0  (t>0). (3.11)
850 850

At this point it is useful to note, using a simple integration by parts, that we have the reciprocity

relation
/ (0, p )Vl = / (0D, p0)n - 5 dT
850 850

where V' is given in (3.10). Taking the inner product of (3.11) with es, using the above reciprocity
relation and (2.18), formula (3.11) is equivalent to

2 1=
(18 +1) coth™ 70 — 70 / o, pOyn V(¢ t)dl (¢ > 0).
as

h(t) T 8muc

Combining the above formula with (2.9), (2.17) and with n = —e, implies

N 1
fz(t):ZBi/ gi(x arccos ¢, t))/1—¢2d¢  (t>=0). (3.12)

Relations (3.2), (3.5) and (3.6) follow now by making the change of variables & = x~!(arccos(,t)),
followed by an integration by parts, in the above formula. 0

Remark 3.2. Using the Gegenbauer functions introduced in Appendiz A and the relation (3.12) ob-
tained in the above proof, the equation for h can be written in a useful alternative form. Indeed, since
the Gegenbauer functions of the first kind (Gp)n>2 (defined by formulae (A.17), (A.18) in Appendiz
1) form a basis in L?[—1,1], we can write

—/1 - C2Z@Qz ~L(arccos ¢, t),t ZA (¢ e[-1,1]), (3.13)

n=2

11



where (Ap)n>1 is a sequence in C([0,00),1%) . Plugging (3.13) into (3.12) , and using (A.19), we

obtain . .
) =—em [ 32 AuGOGO =5 e

T n>2

The above equation and (A.21) imply that the equation governing the motion of the mass center of the

swimmer simply writes

huy_—”m?“) (t>0). (3.14)

Since we reduced the governing equations to a finite dimensional bilinear control system, we are
now in a position to use a well known result due to Chow. We recall this result below and we refer,
for instance, to [19, chap. 5, Proposition 5.14, p. 89] or [11]) for more information on this theorem.

Theorem 3.3. Let m, n € N* and let (f;)i=1,..n be C* wvector fields on R"™. Consider the control
system, of state trajectory X,

X =Y wfi(X), (3.15)
=1

with input function u = (u;)i=1,..m € COO([O, +ool, BT), where r > 0 and B, is the closed ball of radius
r and centered at the origin in R™. Let O an open and connected set of R™ and assume that

Liex{fi,....fm} =R" (X € O).

Then the system (3.15) is controllable, i.e., for every Xo, X1 € O there exist T > 0 and u €
C*>([0,T1], By) such that X(0) = Xo and X(T) = X1 and X (t) € O for every t € [0,T].

In the above theorem, the Lie-bracket of two N dimensional smooth vector fields fi, fs is a new
vector field defined by

[f1. f2)(X) = Da(X) (X)) = DA(X)(fo(X)) (X €RY). (3.16)

We recall that a Lie-algebra is a space closed for the Lie-bracket [-,] and that (Lie{f1,..., fm},[-,"])
is the smallest Lie-algebra containing { fi,..., fm}. Moreover, Liex{f1,..., fm} is the subspace of R"
spanned by all the values in X of the vector fields in Lie{f1,..., fm}-

We are now in a position to prove Theorem 1.2.

Proof of Theorem 1.2. It clearly suffices to prove the result for N = 2 and

/0 "6(6)01(6) — 4 (€)g(©)] sin® £d€ # 0. (3.17)

We first remark that, for N = 2, equations (3.2)-(3.3) can be written in the form (3.15), provided that
we set X = [h] and
o

Fl(Oé) FQ(Q)
fi(X) = 1 , fo(X) = 0 , (3.18)
0 1

0 FEk(a) FEk(a)
Dfi(X)=10 0 0 (ke {1,2}, X eR?).
0 0 0

12



The above formula, (3.16) and (3.18) yield that

9 o
g (@) = Gat(a)

[f1, f](X) = 0 (X e R®). (3.19)
0

On the other hand, going back to (3.5) and (3.6) and using the fact that F'(z) = %n%, we obtain

that
c1o

SF%O):—Q ﬂgé(ﬁ)gj(é)sinQ(é)dg (i,j € {1,2}).
Q@ 0

The above formula and (3.19) imply that

5 er [0 192(6)91(8) = 91(£)g2 ()] sin?(€) ¢
[f1, fo] [0] =5 0 (h € R).
0

Using (3.17) and (3.18) it follows that if X = [g} with h € R then f1(X), fo(X) and [f1, f2](X) span

o . hi . -
R3. By continuity, there exists £ € (0, €] such that the same property holds for X = Lj , with |a| < &

We can thus conclude the proof by using Theorem 3.3 with O = R x {a € R? ; |a| < &}. O

4 The Stokes problem at the exterior of a prolate spheroid with a
tangential velocity on the boundary

In order to tackle the second term in the right hand side of the boundary condition (1.11) we
investigate in this section the problem (2.1), with Sy being the prolate spheroid of equations (2.3)
and with the boundary velocity V is azimuthally symmetric with respect to e3 and tangential to
0Sp. Unlike in the case of a spherical swimmer, studied in [4], we have no longer a separation of
variables (see [6]). Therefore there is no simple way of expressing the solution of (2.1) in function of
the coefficients occurring in the decomposition of V' in an appropriate basis. This leads us to consider
an approximation of the exact solution involving several tridiagonal matrices.

To describe this approximation we use the prolate spheroidal coordinates introduced in (2.2), (2.3),
(2.4) to write the boundary condition (1.11) as

N
(¢, 70,0, 1) = hes — e/ 75 — ¢ <Z Bigi(x "t (arccos C,t)) ec.
i—1

Section 2 was devoted to solving (2.1) with V' = e3 and the main aim of this section is to provide an
approximate solution of (2.1) with

V = —u(()ec ¢el-1,1], (4.1)

where u is a smooth function.

We first give, following [6], an exact formula for a class of fields (v, p) satisfying the Stokes equation
outside Sy and with the normal component of v vanishing on 95y. We next show that for every small
enough value of the the geometric parameter e = ¢? we can choose one of the fields (v, p) in the above
mentioned family such that the tangential trace of v on 95y has, up to an error term of order O(e), is
equal to u in (4.1).

13



Let us consider the functions ), defined by

_ An - Hy (1) . Hy—o(7)
b0l = g 1) (7 )

FHn—2(70) (Hn—Q(TO) " Ha() O}
Bn Hn+2(7-) Hn(T)
22+ 1) [Hnﬁ( 0) Hypo(10)  Hp(mo > Gntc)

)
Hy (1) Hpy2(7)
vty m) (- 2220 6,00)] (2 cefLI) (2

for n > 4 and

. Gn - Hy_o(T) _ Hy(7)
5n(1.0) = gy [Hoat) (520~ 20 ) 640)

5, ([ Hasalr)  H()
s [P (G~ ) 6700
ritm) (g2~ T2 6 a0)] (2w ce L) @

for n = 2,3, where H,, are the Gegenbauer functions of the second kind defined by (A.23)—(A.24),
where G,, are the Gegenbauer functions of the first kind defined by (A.17)-(A.18), and where «;, and
Bn, are coefficients related to Gy, and H,, that are defined by (A.35)—(A.36).

Lemma 4.1. Assume n > 2 and consider 1, defined by (4.2) with v, associated with 1, through
(2.12)—(2.13). Then there exists p, such that (vy,pn) satisfies (1.9)—(1.10). Moreover,

1

vn(¢,70) = — 2\/( 5 C2)(1 (2) [anGrn—2(C) + bnGn(C) + cnGni2(Q)] €¢ (¢ e[-1,1]), (4.4)
c Ty — —

v Qu-r(r)  Qu-slm)

— g — _ 9 . n—1{70)  &n-3(70
ay=a3=0 and forn>4, a, = 3 = 3)Hn( 0) < Ho (o) Hn—2(70)> , (4.5)

_ 79 - @1173(7_0) . anl('r()) Bn - Qn+1 (7_0) o C21171(7_0)
= o —g) ) <an<m> Hy (o) ) e (G Sty
(4.6)
. ﬁn Qn—l(TO) Qn-i—l(TO)

= o+ 1)H”(T°) ( H,(10) Hn+2(7'0)> ‘ (47)

Here Q are the Legendre functions of the second kind defined by (A.7)-(A.8), and @n =Qy forn =1,
QO = 0; Qfl =1.

Proof. Let us first prove that v, defined by (4.2) satisfies (2.15). In order to do this, we use (A.22)
and (A.28) to deduce that

E(r2 = (B (Ho(7)G(Q)) = (n = m)(m + 0 — 1) Hy (7)Gin(0). (48)

In particular, for n > 2,

02(7—2 - CQ)EQ(Hn(T)Gn(C)) =0, (4 9)
(7 = (1) EX(Hn12(7)Gn(C)) = 2(2n + 1) Hy2(7)Ga(C), 10
A — () EX(Hp(1)Grni2(C)) = ~2(2n + 1) Ho (1) G 2(0). (4.11)
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Using (4.9), we obtain, for n > 4,

(7 = Y (bn) = 575" [B*H(1)Ga(Q) + B> Hyn(7)Gn(€)]

2(2n - 3)

‘2@511)[EQHn+2<T>Gn<<>+E2Hn<7>Gn+2<c>] (r>m0. Cel-11))

Then, combining the above equality with (4.10) and (4.11) we obtain

C2 (7'2 - CZ)E2(¢n) = Qnp [Hn(T)Gn—Q(C) - Hn—Q(T)Gn(C)]
= Bn [Hnt2(7)Gn(¢) = Hn(7)Gns2(Q)] (7270, (e[-11)).

The recurrence relations (A.38) and (A.39) transform the above relation into

A(r? = VB () = (C = T)Ha(T)Gn(Q) (27, (€ [-1,1)),

from which we deduce (2.15) (using again (4.9)).
For n = 2,3, similar calculations give the same result (we use (A.37) instead of (A.38)).
It remains to show (4.4). Since v, is constant on Sy = {7 = 79}, we deduce from (2.12), (2.13)
that
1 0y,
V(=) -¢) o7

Then for n > 4, we use (4.2) to deduce

v (¢, 70) = (¢, m0)ec.

_ oy ()  Hj_y(70)
= 900 - 3)H"(T°) (Hn(fo) Hn_2(70)> ’
an H) _o(r0)  H} (7o) Bn H)  o(10)  HJ}(70)
b":2<2n—3>H“(TO><Hn§ ) Hn<fﬁ>> aan + 1) m2() (Hnﬁ(ro) HWE))’

Bn ) () (HL(TO) H7/z+2(70)>.

N L -
¢ 2(2n +1 Hy(10)  Hn2(70)

Combining (A.27) (since n — 2 > 2) and the three above equations, we deduce (4.5)-(4.7).
For the particular case n = 2,3, we get directly a,, = 0 and we also use (A.27) with

Hyll = _Qn—l
forn=0,1. O

If the shape of the prolate is close to a ball, one can obtain asymptotic formulas of the above
results. More precisely, in what follows, we set

e:=c’,
and we assume ¢ty = 1 so that
1
e=—.
2
70

We next study the above formulas and their consequences when e — 0. We first normalize the
functions 1, defined in (4.2), (4.3) by setting

—~ (2n —3)
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with K, defined by (A.33) and we define the velocity v, associated to t, through (2.12)—(2.13).
Let us define

ey L (n+ 1)Qnt (ﬁ)_m—nén_l (&) - i
S T CA R CA R

with Qp and H,, defined by (A.14), (A.29) and with Q_; = 1.

Lemma 4.2. Assume v, and v, are defined as in Lemma 4.1. Then

_ - 1
men) = e

(@G -2(Q) + BuGn(C) + EaGin2(C) ] ec. (4.14)

with

n = —eanHy(1/v/€)Cn_sl(e), (4.15)

B = Hns(1/V/E)Cale) + 25"0“{;; fﬁ)‘ 3) B ea(1/7/E)Ca(e), (4.16)

~ _ /Bn(Qn - 3) T
Proof. Using (A.29), (A.31), (A.14), we obtain that

Quosln) _ (=1 D@n-1(1/vE)
Hy (o) H,(1/7e)

Then using the definition (4.13) of C), and (A.29), we deduce that a, by, ¢, defined by (4.5)—(4.7)
satisfy for n > 4

Kne™?H, (1/+/€)Cr_s(e), (4.18)

n = 2n — 3
and for n > 2

Qp n— 7 Bn n 7

by = mKHe( DI2H, _5(1/3/€)Cr_ale) + mKMé TO2H, 0(1/Ve)Crle), (4.19)
Cp = — b Kne"?H,(1/y/€)Ch(e). (4.20)

(2n+1)

By combining (A.39) with (A.29)-(A.32) it follows that

K, =a, K, (n>2). (4.21)

Using the above equation, we deduce that

K Brom2 -~

= gy 2 (1O Ca(e) + S Ko 2(/VOCe).  (422)

Let us note that (4.22) holds true in particular for n = 2,3 with the definition of @n and @n for
n=0,-1.
In particular, we deduce from (4.12) that

) =~ T e R P20 G0+ enGna(Ol
= g [ O 2(0) +BiG(Q) + 2uGialO)] e
with (4.15)-(4.17). O
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Now, we want to consider a linear combination of the v, in order to approximate the boundary
condition (1.11). More precisely, we will choose (B )nef2,.. .k} S0 that

K
> B,
n=2

is close to velocity produced by the cilia motions, that is

—c\/ 78 — (2 <Z Bigi(xL(arccos ¢, t)) —/1—e(? <Z Bigi(x (arccos ¢, t)> ec.

In order to do this, we use that (G, ),>2 is an orthonormal basis of L?(—1,1) (for the weight w(x) =
1/(1 — 2?)) to write

V1= (Z Bigi(x ! (arccos(¢ ) Z AnGi( (4.23)

With this decomposition, the velocity produced by the cilia motions can be written as
/2 -1 V1
—cy /T8 — (2 (Z Bigi(x " (arccos ¢, )> e = = CQ Z . (4.24)
More precisely, one has the following result (whose proof is classical and omitted).

Lemma 4.3. Assume (4.23). Then the coefficients A,, are given by

n(n — 1 2n —1)
4, =" 2/3@ | se1Gutcostute o 5 €.t e (4.25)
Let us fix for all what follows
KeN, K>4. (4.26)
Let us define the matrices L and M as
Mpn(e)=1—ey, (2<n<K), (4.27)
My ni2(e) = —eanta (2<n< K —2), (4.28)
My p—2(e) = —efn—2 (4<n<K), (4.29)
Mym(e) =0 (Jm—n|¢{0,2}) (4.30)
and 5 - )
n [e— ~
— - — — — - — g g ) 4.31
Lnn 2( ) 62 _3Bn 2Hn 2(\/5) Cn 2(6) (4 n K) ( 3 )
~ 1
Ly ny2(e) = —eanioHpyo | —= ) Cr(e) 2<n< K -2), (4.32)
’ Ve
Lon(€) = Fnos (== ) Coosle) + 22 =38 anioBiuss (—= ) Cule) 2<n<K),  (433)
n,n\€) = dlp—2 \/E n—2(€ on + 1 nQn4+241n42 \/E nl€ SRR , .

Lym(e) =0 (lm—n| £ {0,2}). (4.34)

We notice that L(e) goes to the identity matrix Ix as e — 0 so that L(e) is invertible for e small
enough.

The result below provides a relatively simple approximation (for small values of e) of the stream
function associated to the boundary value problem (2.1).
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Proposition 4.4. Assume 8 € RY and let consider A = (Ap)n=2,.. K defined by (4.25).
B = (Bn)n=2,....Kk 15 given by
B = L(e)"*M(e)A.

Then
K ~
n=2
is a stream function corresponding to a solution (v, p(M) of
—pAv® £ VpM =0 in R3\ Sy,  dive™ =0 in R®\ Sp,

V1—el?
‘ 1|an oM =0, o= 11 eé (ZA Gn(C) + RK(e)) ec on 95,

where the remaining term Ry (e) is such that
Ri(e) € O(e), Ri(e) € span{Gx1,GKr+2}

Proof. Using (A.37) and (A.38), we deduce that for K > 4,

K K
¢ AnGa(C) =Y An (@nGn-2(¢) + 1Gn(C) + FuGri2(C))
n=2 n=2

where @, = o, for n > 4 and @y = a3 = 0. The above relation can be transformed as

K K—2 K K42
CQ Z AnGn(C) = Z An+2an+2Gn(€) + Z An'}/nGn(g) + Z AanBn72Gn(<)-
n=2 n=2 n=2 n=4

In particular, using the definition (4.27)-(4.30) of M, we deduce

Ny
nGn(C)
Vl_C2n2

K
= . <Z(MA)nGn(C) —eAg-1Brk-1GKk+1(¢) — eAK,BKGK+2(C)> :

V(I —e?)(1-¢%)

On the other hand, applying Lemma 4.2, we have on 0.5y

n=2

K
ZBnﬂn = - \/( €<2 ZB |:an n— 2 ) +EnGn(C) +EnGn+2(C):| €¢,

and thus

Suppose

(4.35)

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)

K K
> Buty = — 7 1)(1 e (Z(LB)nGn(C) + Br 16k 1Gry1(¢) + BKgKGKJrQ(O) :
— n=2

1 —e(?

We conclude by using (4.17).
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5 The modified swimming efficiency

In this section, we define and study a notion of efficiency for the prolate. Let us recall that

1o = cosh™? C) : (5.1)

We also recall (see Section 1) that the motion of the points on the swimmers surface is defined,
using prolate spheroidal coordinates, by

N
=&+ ailba€)  (E€0,m), t>0), (5.2)
=1

and that the input functions of the considered system are the functions
Bilt) = ailt) (i€ {L,...,N)).
1

Given the function (5;)1<i<y and an eccentricity e, the corresponding efficiency eff (6 - \/e,cosh™t (%>
is defined by (1.18). For K € N we approximate the efficiency defined in (1.18) by the function

m s off (8, €) by

N—

2
// (@, p <h) es3dl dt
0So

/ / © 0@ i $)p®@ + pDyn - (h(t)o® + vy dr at
d5o

effK ,8, , (5.3)

where
o (Ayn)2<n<i is defined from S by (4.25);
o (v p©) is the solution of (1.16)—(1.17);
o (v pM) is the solution of (4.36)—(4.37) considered in Proposition 4.4;
. vg) = - GCCQ ZA Gn(Q)ec is a truncation of the trace of v on 9Sp;
e h is defined by (3.11).

The approximate character of eff ¢ is due to the replacement of the last occurrence of v(!) by
its truncation vg) in the definition (1.18) of eff (ﬁ, Ve, cosh™ (ﬁ)) This allows us to express eff i

using the coefficients (A, )2<n<i defined by (4.25). To accomplish this goal we first prove the following
result.

Proposition 5.1. Let (v, p(1) be the solution of (4.36)—(4.37) considered in Proposition 4.4 and
let vg) be defined as above. Then

K 9

1) (1) ey dr = 4 Apnfn+ 2(1 — e)An -
gv,p n- v =4 g .

/850 ( )) ,Un:2 n(n — 1)(2n — 1) ( )

where f = M DB, where B is defined by (4.35), where M is the matriz defined by (4.27)—(4.30) and
where

Dyn(€) = Hy(1/3/€)(2n — )0~ (m =2, n > 2). (5.5)
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Proof. Using (2.11) and the fact that vgl) =0 on 05y it follows that

T 81} -
fZ@ 8T( 0,¢) = Mé”( m,6) (-1<¢<1).  (56)

On the other hand, using (2.12) and (5.1), it follows that

_ 82 (1)
e(l_ﬂe% g;fa (10,¢) = (21M:/egj) él)(o,C) (-1<¢<1).  (5.7)

Using (2.9) and the fact that n = —e,, it follows from the above relation that

1 2
@ Wy, Do 1—6/ 1 81/1
/8500(1) , P )n vy dl 27 | i (70, ¢ E AnGh(

(70, ¢ (ZAG )
_4M(1_6)/1 VI—e2/1- (2

For the second integral in the right hand side of (5.8), we use (A.21) and (4.37), (4.38) to get

(70, ¢ (ZAG ) %

oW (r0,¢,0) =

om0, ¢) = -

dc. (5.8)

—47 (1—6)/ d¢ =8n (1—6)2 A (5.9)
: 1 1—e?/1-2 - —n(n—1)2n-1) '

For the first integral in the right hand side of (5.8), we differentiate (4.2) and (4.3) two times with
respect to 7 and we use (A.28):

62n
) = o
7'0—1

(0 H(70) Gn2(€) = @ i (70)Gin(€) = B Hy(70) Gi(C)

+ BHa(10)Gas2(Q)) - (5.10)
for n > 4 and

0%y,
L Vn (¢m) =

2 1 ( —apHy 2(7—0) (C) Bn n+2(TO)G (C) + Ban(TO)Gn-‘r?(C)) (5'11)

for n = 2,3. Inserting (A.39) into (5.10) and (5.11) yields that 1, defined by (4.12) satisfies

2
81/)”(4-7 )_ 2n

2 Hu(1/v) (0neGn2(Q) + (e~ DG(O) 4 ealnia(@))  (5:12)
for n > 4 and

0%, 2n — 3
87'2 (CvTO) =e 1—

Ha(1/3/) (e = 1)Gu(Q) + €8aGur2(€)) (5.13)

for n = 2,3. We deduce from (5.12) and (5.13) that

92p(1) o2 K
W(TO,C): T (MDB) Z 2n — 3) Hy,(1/v/€) BrBn G2 (€)- (5.14)
—K-1

n
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Combining the last formula with (A.21), we obtain that

l—e [ 1 9% nfn
-2 . /11_<2827'0, (ZAG )d{-47r,uz DEn=1)

Inserting the last formula and (5.9) in (5.8) we obtain the conclusion.

The result below provides an useful expression for the efficiency defined in (5.3).

Proposition 5.2. Let (5;)1<i<n be a family of functions in L*°(0,00). Then the swimmer’s efficiency,

defined by (5.3), is given by:
2

([ 2

T/T (A% L9l +e) tanh~!(\/e) — /e] i Anfn+2(1— e)Ag> y '
0

% n(n—1)(2n—1)

effg (Bse) =

3
2 n=2

(5.15)

Proof. We first note that, applying (2.18), the numerator of the right hand side of (1.18) writes

T o\ 2 1 h2
/ / a(v(o),p(o))n . <0> esdl'dt = —~— 87Tucj)1 i
o Jas, T T (15 + 1) coth™ 179 — 19

On the other hand, from (3.14) it follows that

The last two formulas imply that

T 2 3.2 T 2
/ / a(v @, pyn - (h()) egdldt = L 3 Smpc 1—? [/ As(s) ds}
0 3So T qT (TO + 1) coth™ mp — 19 0

To compute the denominator of the right hand side of (1.18) we first note that

/ J(hv(o) + o hpO®) —i—p(l))n-hv(o) dl' = hes - (/
8So d

from (1.13).
On the other hand, by linearity,

o (hv'® 4+ oW hp©® 4 pWyp dI‘)
So

/ o (i 4+ v ip® 4 0y oD gr — h/ o(0® p@)n . oY) ar
3So dSo

—i—/ o(v™, pMn . vg) dr.
050

Using (2.9), that n = —e,, (2.17), (3.14) and Proposition 5.1, it follows that

8mpc 7'(?142
9 [(1 + TO)COth To — 7'0]

nfn+2 (1—e)A2
+47WZ D@n—1)

/ o (v ® + 5O ip® 1 p0yn o) gr = —
050
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(5.16)

=0 (5.17)

(5.18)

(5.19)



The last formula, (5.16) and (5.3) clearly imply that

8mpcdd (f(;f Ay dt>2
9T (¢ +1) coth™! 7y — 70)

effic(5e) = T 3.2 42 K 2 3 42 ’
/ —8mpc’ty As n 47WZ Apfn+210(15 — 1)’ A dt
0o \9[(1+73)coth™ 75 — 10] =  n(n—1)02n—-1)
which yields the conclusion. O

6 Sensitivity with respect to the focal distance

In this section, we study the behavior of the function eff x defined in (5.3) when e — 0. This means
that we consider a family of prolate spheroids like those in Figure 2, i.e., with

1
6202—>0, coshng =1 =—.
c
An important role in the proofs below will be played by the behavior when e — 0 of the matrices

M, L and D defined by (4.27)(4.30), by (4.31)(4.34) and by (5.5). Let us define the matrices M™),
DO DM and LM by

MY =y, MO o= —anis, MY, =B, (n>2), (6.1)
M), =0 (n>2 |m—n|¢{0,2}), (6.2)

(0) _ (9, y _ n(n—=1)2n—3) N
Dy = (2n = 3)0nm, Dy, 32n 1 1) Inm (n, m > 2), (6.3)

—1) 1 1 2n — 3

po_ =) O s )
nn 2(2n n 1)7 n,n+2 A2, n+2,n on + 15 (n ), (6 )
L, =0 (n>2, [m—n|¢{0,2}). (6.5)

Lemma 6.1. With the above notation, we have the following estimates as e — 0:

M(e)=1+eMW),
D(e) = D + DM 1 O(e?), (6.7)
L(e) =14 eLM 4+ 0(e?). (6.8)
We are now in a position to state and to prove our result of dependence of eff x with respect to e.

Theorem 6.2. The efficiency eff i defined by (5.3) satisfies

()

off () = (1 + eeffl) —I—O(e2)> ,

T ) K A2
T/ 2A5+6 —— | dt
0 2 7Abz:;,’77J(TL—1)

2

with effY) > 0.
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Remark 6.3. Let us emphasize that the quantity

T
[
0
T ) AQ
T/ 2A5+6 — " | dt
0 2 ; n(n—1)

1s the efficiency of the spherical swimmer. More precisely, if Sy is the sphere centered at the origin
and of radius 1, then one can consider the same problem as for the prolate:

2

—puAv+Vp=0inR*\ Sy, dive =0 in R\ Sy, (6.9)
N
|:r1|1£>noov =0, v=eé3+ <Z Bigi(x_l(ﬁ,t))) eg on 05y, (6.10)
i=1
= Bi(t) (te{l,....,N}, t>0), (6.11)
/ o(v,p)ndl’ =0 (t>=0), (6.12)
h(0 ) =0, «(0)=0, (6.13)
e S aa© (el 130 (6.14)
i=1

Then, one can decompose

Zﬁzgz “H0,1) MHHZA G (cos 6) (6.15)

and in that case one can obtain (see, for instance, [14]) that the efficiency defined by (1.18) satisfies

()

eff(8) = —— . (6.16)
2 A7
T/O <2A2+6§n(n_1)) dt

Let us note that in [14], the tangential velocity is written by using the Legendre function of first
kind 0 — Pl(cos(0)) (n > 1), but that the obtained formulas can be seen as a particular case of the
corresponding results for the prolate spheroidal case (see (A.5)). Indeed, it suffices to note that, using
(A.20) and (A.22), we have

2

Pl(cos(0)) = 7t 1)

WGTZ_H(COS(@)) (n>1).

Finally, it is easy to check that the efficiency in (6.16) is less than 1/2 (see [14]). Obtaining such
a theoretical upper bound is an interesting open question in the prolate spheroidal case. From the
numerical point of view, see Section 7, getting close to the theoretical upper bound seems difficult
because of the singular behavior of the optimal stroke (we refer again to [14]).

Proof of Theorem 6.2. Assume 8 € L>((0,7);RY). Then « is given by (1.12) and x by (1.6). As a
consequence, we note from (4.25) that the functions (A,,)n>2, do not depend on e
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We next can check by simple calculation that

9[(1+e)tanh™'(/e) — /e 12
” —6+€ e+ 0(e?). (6.17)

Recalling that f = M DB (Proposition 5.1) and that B = L' M A (see (4.35)), we obtain that
f=MDL 'MA.
The above relation and (6.6), (6.7), (6.8) yield
f=DOAteEA+O(?), (6.18)

with E = MW DO + pO) — pO M) 4 pO pr),
After some calculations using (6.1), (6.2), (6.3), (6.4) and (6.5), together with (A.35) and (A.36),
we obtain

Nl

2n% —2n — 3 n(n —1) (n+1)(n+2)
By =22 "2""° F - F = T ITY (> 9), 6.19
nn m T 1 5 n,n+2 m n 3 ) n+2,n om—1 (n ) ( )

Combining (5.15) with (6.17) and (6.18), we deduce

()

2

eff(B;e) = - e (1 +effi (8) + 0(62)) ,
2 n
T/o <2A2+6,§3n(n—1)> dt
with .
12 A2 A (EA), — 24,
/0 an(n—l)+6 m—Dan—1 )&
(1) n=2
eff i (8) = — — :

Some calculation gives

T ) A2
24546 —n | dt
/0 2 7;, n(n—1)
K

12 (7 A2(6n2 — 9) 2 5404,
5/0 nz nin—DEn—DEnt1) nz::? G Dion 13 &

off)(8) = =2 T - (6.21)
243+6) —— | dt
[ (ozats)
In order to conclude, we show now that there exists ¢ > 0 such that for any (A,) € RK=2,
K K—2 K
AZ(6n* -9 5An,An A2
—nn-1)2n-1)2n+1) = (2n—1)(2n+3) = (2n — 1)2

To prove (6.22), one can, for instance, perform the change of variables A, = A, /(2n — 1) so that

K K-2

5A An+2

A% (6n* —9)
> o DY
n:2n(n—1)(2n—1 )(2n +1) (2n — 1)( 2n+3)

_ Z 6n” — 9)( Z 54, An s (6.23)

n—l 2n+1



(6n2—9)(2n—1)

W is such that

Some calculation gives that the sequence k,, :=
ko> 2, Ry > 2
2 2 ) 3 2 ’
Kp > 5 (n>4).
We deduce from these properties that the quadratic form

K 72, 9 K-2
— — -1 _
() Z A, (6n° —9)(2n —1) N Z 5A A
n=2

n(n—1)2n+1)

n=2
is positive definite. This property, (6.22) and (6.23) imply the result. O

Proof of Lemma 6.1. Relation (6.6) is only a consequence of the definition (4.27)—(4.30) of M.
Using Lemma A.1, we have

i (L) s =D
Hn<\/é> L+ e+ O (6.24)

The above relation and (5.5) imply (6.7).
In order to obtain (6.8), we need first several preliminary results. Combining (A.14), (A.27),
(A.29), and (A.31), we deduce

Qulw) = Hua (@) = “Hy (@) (@ >1).

The above relation and (4.13) yield

L H(Ve) 1 H(1Ve)
2Ve H, 5(1/\/e) 2Ve H,(1/\/e)

We deduce from this equality and Lemma A.1 that

Cnle) =1

(2n? +6n + 1)
(2n+1)(2n +5)

Crle) = (1 + e+ (9(62)) (n>2). (6.25)

On can check that the same formula holds for n = 0 and n = 1.
Combining (6.25) and (6.24), we obtain that L satisfies (6.8). O

7 Numerical computation of the prolate spheroidal swimmer effi-
ciency

We first recall the main steps to obtain the efficiency eff i defined in (5.3). We fix g;, i = 1,...,N
such that the hypothesis of Theorem 1.2 holds true.
Then, for 3 € L>(0,T;RY), we compute

t N
o= [ B ds MeH =+ 3 alta(© €l >0,
=1

Then we use formula (4.25)

al m B
Anlt) = S A0 [ aOGucosx( D€ de
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that gives in particular (see (3.14))

h(t) = —;/DtAg(s) ds.
Then we compute L, M and D defined by (4.27)—(4.30), by (4.31)—(4.34) and by (5.5) and
f=MDL 'MA.
Using (5.15), we can finally compute the approximate efficiency

([, )

S (s o tanh (6) — V] o Anfa £ 20 A2
/0 —Ay + 26% ; nin—1)(2n —1)

2

One of the difficulties in computing the efficiency of the prolate spheroidal swimmer is to evaluate
formulas containing H,,(1/+/e) which, for small e, may lead to important numerical errors. Therefore,
for small e, we use the asymptotic formula (derived in Theorem 6.2),

(f )

off (B ) ~ — 2 - (14 et (@),
T/O <2A2+6;n(n_1)> dt
with .
12 A2 An(EA), — 24,
/0 <§5n(n—1)+6n(n—l) 2n—1)> dt
effy) (8) = ———=

T 9 A2
254+6 Y —— | dt
/0 2 nz>3 n(n —1)
and with E given by (6.19)—(6.20).

To evaluate eff i, for given 8 and e, we discretize the time interval [0,7] and the angle interval
[0, 7] by using uniform meshes of size Ny and Ng. With this full discretization the original optimal
control problem, of input function 3, reduces to an optimal control problem where the unknown is a
matrix of size N x Np. The constraints in this problem are the injectivity of x and the periodicity of «
(i.e. a(T) =0). This maximization is performed using the IPOPT (Interior Point Optimizer) package.

We take

gi(§) = sin(i€),i > 1.

Table 1 contains the results of numerical computations of the optimal efficiency for various values of the
number of scalar controls and with the discretization parameters K = 50, N7 = 250, N¢ = 500. The
above values of K, Ny and N¢ are large enough (for the considered values of N) to make the results
stable (not more than 0.05% of modification of the efficiency) with respect to coherent augmentations of
these parameters. In the above statement the term “coherent augmentations” signifies that increasing
the number K of basis functions implies (due to high frequency oscillations) a significant augmentation
of Ng.

In Figure 3 we describe the evolution of h with respect to time and the evolution of the cilia (of
X) at several times: ¢t =0, t =71/16,t=T/8 et t = 37'/16.

26



e=0 [e=101072]e=501072]e=10102]e=1510"2
N=2| 791% 7.92% 7.94% 7.96% 7.99%
N =5 | 21.02% 21.04% 21.09% 21.15% 21.22%
N =13 | 30.4% 30.41% 30.49% 30.57% 30.66%

Table 1: Optimal values of eff i obtained for different values of N and e.

N =2 | max|y —id|=58.43°
N =5 | max|y —id| = 102.89°
N =13 | max|x—id|= 104°

Table 2: Maximum displacement for the optimal eff ¢ for different values of V.
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Our first conclusion is that, in the spherical case, we obtain numerically an efficiency of 30.4%,
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obtained displacement fieldl has similar features with the “shock structure” obtained in [14] (where the
maximal obtained efficiency is 22% with a maximal displacement 52.6°). We believe that obtaining
numerically, in the spherical case, an efficiency closer to the theoretical bound of 50% requires to
increase the number of modes N and, consequently, refining the discretization. Accomplishing this
program by using the full-discretization and the standard optimization algorithms proposed in this
paper seems a difficult computational issue.

For the prolate spheroidal ciliate we have shown, both analytically and numerically, that the
optimal efficiency increases by small augmentations of the eccentricity e. It would be interesting
to perform similar computations for larger values of e. From a theoretical view-point, the main
difficulty in this case would be to establish that the matrix L in (4.31)-(4.34) is invertible, whereas
computationally one should use “exact” formulas instead of the asymptotic ones in order to evaluate
the Gegenbauer functions.

Finally, let us mention that, according to the left pictures in Figures 3, 4, 5 the position of the
mass center of the ciliate goes backward at a certain stage of the stroke. We think that this feature
should appear independently of the number of modes (although in a less obvious manner, as we can
see in Figure 5) and that a mathematical proof of this assertion is an interesting challenge.

A Some background on Legendre and Gegenbauer functions

We gather in this section some definitions and properties of functions of Legendre and Gegenbauer
type. For details on this rich topic, including the proofs of the results we state here, we refer, for
instance, to Abramowitz and Stegun [1] or Whittaker and Watson [20].

We first recall some classical special functions. An important role will be played by the Legendre
polynomials (P,,)n>0 which are defined by

1 4" 5
— R — 1) > . .
P,(x) Sl A [(z® —1)"] (n>0, z€R) (A1)
We have, in particular,
322 — 1
Py(z)=1, Pi(z)=2z, Py(z)= — (x € R). (A.2)
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It is well-known that the Legendre polynomials satisfy the differential equation

(1 = 2?)Pl(2))" = —n(n + 1)Py(z) (A.3)
and that they satisfy the orthogonality conditions

/_ 11 Po(a) P () dar = 2mQ+15nm (n, m>1). (A4)
We also need the associated function of the first kind, denoted by (P}),~1 which are defined by
Plz)=v1-22P.(z) (n>1, z€[-1,1]). (A.5)
According to classical results, the functions
6 — Pl(cos8) (n>1),

form a complete set in L2[0, ] and they satisfy the orthogonality conditions

T 2 1
/ Pl(cos )P} (cos6) sinf df = Ménm (n, m>=1).
0 2m "‘ 1

(A.6)
The Legendre functions of the second kind (Q,)n>0 can be defined by
Qo(z) =coth™ 2, Qq(z)==zcoth™z -1, (A.7)
where ) +1
x
hlz =21 1
coth™ z 5log—— (z € (1,00)),
and then recursively by
2n+ 1) zQn(x) — nQpn_1(x
Quin(w) = EOHDTCD) ZnOna(@) 5 4, (A3)
n+1
In particular, we have
Qs(z) = Py(x) coth Lz 3; (A.9)
Qs3(x) = P3(x)coth™ = — 2% + 3 (A.10)
Qu4(z) = Py(z) coth™ z — %x?’ + %w (A.11)
The Legendre functions of the second kind satisfy the recurrence relation
(204 1)@ = - (Quar ~ Qucr) (A12)
dz
and the differential equation
d 2 / .
= ((1 g )Qn) = —n(n+1)Qp. (A.13)

The behavior of @, (x) when z — oo plays an important role in our calculation and it is given by (see,
for instance, [20, Section 15.31])

Qu(r) = S Gule). (A14)
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where .
1
M, = 271/ (1—t))"dt (n>1), (A.15)
0
and

@M@_1+o<;> (2 = o0). (A.16)

Within this work, the functions (Qvn) will be calle normalized Legendre functions of the second kind.
The Gegenbauer functions of the first kind (G, )n>0 are defined by

Go(x) =1, Gi(x) =—x (x € R), (A.17)
P, - P,
Gn(z) = 2(2) — Pa(@) (n>2,z €R). (A.18)
2n -1
In particular, using the last formula and (A.2), we have
1 — 22
Ga(x) = 5 (x € R). (A.19)

Among the useful properties of these functions, we recall the formulas

G;L(x) = _Pn—l(l') (n >1, x e R), (A_zo)
L Go(2) G () B 2
/1 Co1-a? dv= n(n —1)(2n — 1)5””"0 (n,m > 2), (A.21)

)n>2 form an orthogonal

Onm being the Kronecker delta. In particular, the Gegenbauer polynomials (G,
1/(1 — x2). Moreover the

basis of L?[—1,1] for the scalar product associated to the weight w(z) =
Gegenbauer functions of the first kind satisfy the differential equation

(2% — 1)G2(z) = n(n — 1)Gp(2). (A.22)

The Gegenbauer functions of the second kind (Hj)n>0 are defined by

Hy(z) = —=x, Hy(z)=-1 (x € R), (A.23)
H,(z) = Q"Q(QZ)__f?”(x) (n>2, z>1). (A.24)

In particular, )
o) = Q@) + L (> ), (A.25)

By combining (A.24) and (A.8) it follows that

Hn(r) = - (Quoa(e) — #Qu1(2). (A.26)
Among the useful properties of the Gegenbauer functions of the second kind we note that
Hi(1) = —Qua(z) (n>2), (A.27)
and that H,, satisfies the differential equation

n(n —1)

() = "

H, () (n>0). (A.28)

30



Using formula (A.26) is very inaccurate for large values of x. In this case we need a formula taking
explicitly in consideration the behavior of H, when x — oco. To reach this aim, we combine (A.14)
and (A.27) to obtain that

Hy(z) = %f[n(x) (n>0). (A.29)
where
Ko= K = —1. (A.30)
Mnfl
= > .
K, — (n > 2), (A.31)
with (M,,) defined in (A.15) and
. 1
Hy(x)=1+0 <x2> (x — 00). (A.32)

The functions (fl;) are called normalized Gegenbauer functions of the second kind. Note that

n—1

2 / n+1 o+ 1

K, (n>2) (A.33)

It is useful in the context of this work to have a more detailed description of the behavior of I’:T:vahen
T — 00.

Lemma A.1. The normalized Gegenbauer functions of the second kind (lEIvn)n>2 satisfy
. o
H,(x)= Zan,kx_zk (x> 1),
k=0

where, for each n > 2, the sequence (an i )k>0 s defined by ano = 1, together with

a B (n+2k—1)(n—|—2k)a
R T o+ D (2n+ 2k + 1) P

(k> 0). (A.34)

Proof. We know (see, for instance [20, Section 15.31]) that @, (x) admits, for each n > 0 an expansion
as a power-series in 27! of the form

Qn(z) = ﬁ D bppr (@3> 1),

k>0
Combining the last formula with (A.14), it follows that we have the expansion
M, _
Qn(x) = :ETrl 1+ ch,kx 2k (JI > 1)
k>1

The last formula, combined with (A.24) and (A.31), implies that we have the expansion

K, _
H,(z) = 1+ Zamkx 2k (x >1).

xn—l
k>1

Using the fact that H,, satisfies the differential equation (A.28) we can see, after some calculation,
that (a, ) satisfy (A.34). Finally, the conclusion is obtained by simply using (A.29). O
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An important role in this work is played by the recurrence relation satisfied by (G),) and (H,).
These formulas involve the sequences (,)n>2, (Bn)n>2 and (v, )n>2 defined by

2 _ 9, _
5, = (n+1)(n+2) = 2n® —2n—3 (n>2). (A.36)

(2n—1)(2n+1)’ (2n+1)(2n — 3)

With the above notation, the recurrence relation for G,, are
$2Gn(x) = 'YnGn(x) + ﬁnGnJrQ(x) (n =2, 3)’ (A37)
22G () = anGn_o(x) + VG () 4+ BuGria(x) (n>4), (A.38)
whereas the recurrence relation for (H,,) writes

2 H,(2) = anHp—2(x) + Yo Ho(z) + BoHpyio(2) (n>2). (A.39)
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